In-vehicle exposures to different sizes of particles and carbon monoxide (CO) were determined while driving along a standardized route under a variety of traffic conditions in Kuopio, Finland during the 12-month period from January to December 1995. Arithmetic means of in-vehicle exposures during the morning rush hours were 5.7 parts per million (ppm) (geometric mean, GM=3.1 ppm, geometric standard deviation, GSD=1.7) for CO, 107 #/cm 3 (GM=75 #/ cm 3 , GSD=1.9) for fine particles (optical equivalent particle size range 0.3±1 m) and 0.9 #/cm 3 (GM=0.6 #/cm 3 , GSD=2.1) for coarse particles (optical equivalent particle size range 1±10 m). Fine particles and CO behaved similarly in different weather and traffic conditions, while the behavior of coarse particles was usually different, and often opposite. The driving conditions that affected the passengers' exposures to CO and fine particles were the time of day (morning vs. afternoon) and average speed (decreasing). The meteorological parameters that affected the passengers' exposures to CO and fine particles were wind speed (decreasing) and relative humidity (increasing). Wind speed, relative humidity and driving speed all had opposite effects on the exposure levels to fine vs. coarse particles. Added exposures (due to commuting on top of the background levels) to CO and fine particles were considerably higher in the morning vs. the afternoon runs and also higher in the slower vs. the faster runs.
Introduction
Carbon monoxide (CO) is one of the major air pollutants in gasoline-powered auto exhaust gases and fine particles in diesel exhaust. Numerous in-vehicle exposure studies of traffic-related air pollutants have been published. Mostly, they have focused on CO (Chaney, 1978; Colwill and Hickman, 1980; Rudolf, 1994; Dor et al., 1995; Van Wijnen et al., 1995) , nitrogen dioxide (NO 2 ) (Rudolf, 1994; Van Wijnen et al., 1995) and gasoline-derived volatile organic compounds (VOCs) (Chan et al., 1991; Rudolf, 1994; Lawryk et al., 1995; Van Wijnen et al., 1995; Jo and Choi, 1996) . Aerosol particle size information has been published from indoor environments (Kamens et al., 1991) , but less from in-vehicle measurements.
Typical observations in the previous in-vehicle studies show that the concentrations of pollutants decrease as one moves from city area to the countryside (Dor et al., 1995) . Automobile commuters are exposed to higher concentrations than bus and rail commuters (Flachsbart et al., 1987) . The concentrations of CO and VOCs were higher in the personal samples of car drivers than in personal samples of cyclists (Van Wijnen et al., 1995) . Flachsbart et al. (1987) observed a relationship between CO level and automobile speed. The average CO level is shown to decrease with increasing speed. The highest CO concentrations are typically observed in dense traffic, when a group of vehicles is accelerating in traffic lights (Colwill and Hickman, 1980) . Contrary to Flachsbart et al. (1987) , Clifford et al. (1997) did not find a significant association of the CO levels with vehicle speed. They report considerable day-to-day variation of CO concentration. High wind speed aids the dispersion of CO, but the effects of other meteorological factors are slight (Clifford et al., 1997) .
Because of the absence of reported data on particle size distributions inside commuter automobiles, we conducted the present study to investigate in-vehicle exposures to different sizes of particles and CO while driving along a standardized route under a variety of traffic conditions in nordic climate during different seasons. Two typical daily traffic situations were selected; the peak of the morning commuting rush hour, and the afternoon business traffic situation with lower traffic volume and better atmospheric mixing.
Materials and methods
The study was conducted in Kuopio, a town of 85000 inhabitants in eastern Finland (62853 H N, 27838 H E). According to the emission inventory of Kuopio, the traffic emissions of particle matter (PM) are 102 tons/year and of CO, 4200 metric tons/year.
The total length of a selected route was 8.8 km. Various types of streets were included to represent a typical Finnish small town urban-commuting route. The first and last part of the route was a four-lane access road to downtown Kuopio with an average weekday traffic density of 13500±24000 vehicles per day. The middle part of the route passed through the downtown area, where one-way streets with a facade of four to seven stories high buildings on both sides are typical. The daily average traffic densities at those downtown streets vary from 600 to 14000 vehicles per day. There were 24 traffic lights along the route.
As the weather conditions influence automobile emissions and pollution levels in the urban air, measurements were spread through 1 full year. The route was driven twice per day in each month of 1995. The first run was driven at 0740±0815 h during morning peak hours, the second run at 0130±0200 h. Each run lasted for about 20 min (18±24 min). All measurements were done on the same weekday (Wednesday), except Thursday in August. The same car and driver were used for each run.
The automobile used in this study was a 1990 Volkswagen Jetta GL (U.S. market version) four-door sedan with a 1.8-l fuel-injected four-cylinder engine. The vehicle was equipped with a three-way catalytic converter and the engine's emissions were measured before and after the study. At both cases, the car clearly complied with the current emission regulations of Finland in the annual inspection (CO below 0.3% by volume at high idle, hydrocarbons below 100 ppm by volume and excess air ratio 10.03). During the trips, the side windows of the automobile were closed. The ventilation fan was set at position 2 (0±4). Ventilation ports were open and directed toward the windshield and the front seat occupants. The ventilation system was not equipped with a fresh air filter. The temperature inside the car was typically 158±258C and air conditioning was not used during the study trips.
Particle count concentration and size distribution during each commute were measured using a Climet model 500 battery-powered 0.1 cfm (2.83 l/min) laser particle counter (Climet Instrument, Redlands, CA, USA). This particle counter has six channels covering an optical equivalent particle size ranging from 0.3 to 25 m and above (0.3±0.5, 0.5±1, 1±5, 5±10, 10±25 and >25 m). Because the particle counter counts particles by detecting light scattered by the particles as they pass through a laser beam, the diameter of detected particles is optical, not aerodynamic diameter which is applied, e.g., in the widely used inertial impaction methods. The sample volume of the counter was 0.1 cf (2.83 l) corresponding to 1-min sampling time. Between each sample, there was a 15-s time interval. The particle counter includes built-in relative humidity and temperature sensors, and all collected data are logged in a memory. The particle counter was calibrated prior to the study by the manufacturer. Zero levels for each channel were checked before each run with a HEPA filter. The particle counter was placed on the front passenger seat of the automobile, with a sampling height in a passenger's breathing zone.
The 1-min CO levels inside the automobile were measured with a Langan T15 CO personal monitor equipped with a Langan DataBear1 data logger (Langan Products, San Francisco, CA, USA). Air flow to the monitor's electrochemical sensor is passive. The sensor detects the chemical reaction of CO to carbon dioxide (CO 2 ), which generates an electric current proportional to the CO concentration in the air. The monitor was calibrated before each run using bottled calibration gas (AGA SpecialGas, Sweden, 291 ppm CO in N 2 ) and zeroed by covering the sensor with Parafilm foil, as instructed by the manufacturer. The CO monitor was placed between the passenger side seatback and head restraint with the sensor pointing forward.
Two indicators were used to assess the traffic flow, the number of stops at the 24 traffic lights and the overall run time per average speed. Weather parameters (temperature, relative humidity, wind speed and direction) were collected from the KTL Institute building meteorological station, where each run started and ended. Also, ambient background CO and PM levels were measured at the same location before and after each run.
Results of particle count ranges 0.3±0.5 m and 0.5±1 m were combined into a fine PM mode and ranges 1±5 m and 5±10 m into a coarse PM mode. Particle sizes 10±25 m and over 25 m were omitted because of their very small numbers in each sample. The PM data were produced, calculated and presented as number of particles per cubic centimeter (#/cm 3 ). Arithmetic mean of each run was calculated to represent a measure of exposure. Also, geometric means (GM) and geometric standard deviations (GSD) of each run were calculated to describe the statistical distributions of data and because in-vehicle exposures of all measured pollutants were log-normally distributed. Investigations of the determinants of exposure were carried out by comparisons between the frequency distributions of 1-min data in each defined category.
Additional in-vehicle exposures were determined to estimate the CO, fine and coarse PM exposures that could have been avoided by not commuting. They were computed by subtracting the background levels from the measured levels, and integrating the difference over the commuting time (concentrationÂtime). Background levels were calculated as the average of the values monitored before and after each run. Particle count size distributions were calculated for mean values of each run to obtain a closer view on the effects of various driving conditions on PM exposures.
Results
A description of the weather and driving conditions of each run is presented in Table 1 . During the afternoon runs, the weather was generally warmer and less windy, and the relative humidity was lower than during the morning runs. Also, the average speed was lower during the morning than afternoon runs. In the winter, the road surface was mostly snowy/icy while the summer runs were carried out on dry roads. The average speed of all runs was 26 km/h.
The mean CO concentration in the 11 morning runs was 50±85% higher than in the 12 afternoon runs (Table 2) . Oneminute peaks in excess of 50 ppm were measured. These could be attributed either to an individual vehicle with perhaps a cold gasoline engine, or to a number of vehicles idling at traffic lights. The highest CO concentrations were detected on morning rush hour runs in the winter months.
The mean fine PM number concentration (0.3±1.0 m) was 90±105% higher during the morning runs than the afternoon runs (Table 2) . Respectively, the mean in-vehicle exposure to coarse particles (1.0±10 m) during the morning runs was 60% higher than the mean afternoon run exposure. The highest measured 1-min value for the fine particles was 689 #/cm 3 , and for the coarse particles 6.3 #/ cm 3 . Peak PM counts were usually detected while driving behind a city bus, but very high in-vehicle fine PM counts were also detected behind some gasoline-powered vehicles, especially during the winter months. An example from the October 25, 1995 morning run (Figure 1) shows that an individual cold gasoline-powered car and a diesel bus both increased the fine PM levels (0.3±1 m) inside the automobile, but only the cold gasoline engine also increased the CO level.
Determinants of the In-Vehicle Exposures
The morning run exposures were systematically higher than the afternoon run exposures for fine and coarse PM and CO (Figure 2 ). The effect of the season was negligible for fine particles and CO, but the coarse PM levels were more variable in the winter (November±April) than in the summer (May±October). Increasing the number of stops at the traffic lights (!11) increased the fine PM, coarse PM and CO exposures during the runs as compared to fewer stops (<11), but the increases were small. Slower runs (average speed <26 km/h) produced higher fine PM and CO exposure levels than faster runs (average speed !26 km/h), but had no clear effect on coarse PM exposure levels (Figure 3) . Also, wind speed had an effect on in-vehicle exposures. As expected, calm weather (<2m/s) produced distinctly higher CO and much higher fine PM exposures than windy weather (!2 m/ s), but for coarse PM increasing wind speed increased commuter exposure levels ( Figure 4) . A closer look at the effect of wind speed on run mean fine and coarse PM and CO exposure levels is presented in Figure 5 . Only 26% of the fine PM and 16% of the CO exposure variation is explained by wind speed. High relative humidity (!75%) increased fine PM exposure levels, clearly decreased the coarse PM exposure levels, but had no effect on the CO levels as compared to lower relative humidity (<75%) (Figure 6 ). Dry road surfaces markedly increased coarse PM levels, but had no clear effect on fine PM and CO exposure levels as compared to wet or snowy road surfaces.
Additional In-Vehicle Exposures
The afternoon runs produced at most only small additional exposures of either fine or coarse PM, whereas the morning runs resulted in additional fine PM exposures of 370 to 2581 
#/cm
3 min (Figure 7) . The morning runs also doubled the additional CO exposure (median 92, max 310 ppm min) in comparison to the afternoon runs (median 43, max 161 ppm min). The effect of average speed was marginal on the additional coarse PM exposure (Figure 8 ). The additional fine PM exposure was higher during the slower runs (average speed <26 km/h) than during the faster runs (average speed !26 km/h), although the highest single additional exposure value (2581 #/cm 3 min) was measured at one of the faster runs. The additional CO exposure during the slower (median 93, max 310 ppm min) runs were considerably higher than during the faster (median 38, max 255 ppm min) runs.
Higher wind speed (!2 m/s) clearly decreased the additional fine PM and CO exposures as compared to calmer weather (wind speed <2 m/s), but had no effect on additional exposure to coarse PM (data not shown).
Particle Size Distributions
Because a six-channel 0.3 to 25 m and above (0.3±0.5, 0.5±1, 1±5, 5±10, 10±25 and >25 m) optical aerosol particle counter was used, it was also possible to evaluate the impacts of different driving conditions on the particle size distributions at a passenger breathing zone in the automobile. Figure 5 . Run mean fine and coarse particle and CO exposure levels vs. wind speed. Figure 6 . Cumulative frequency distributions of the 1-min fine and coarse particle and CO exposure levels during lower (<75%) and higher (!75%) drives. As compared to the afternoon runs, the morning runs produced 49 to 130% higher particle counts in all sizes ( Figure 9a) . As compared to the summer runs, the winter runs increased particle counts by 49 to 61% in the >1 m Figure 9 . Comparisons of particle size distributions during different driving and meteorological conditions. sizes, 31% in the 0.5±1.0 m size class and not at all in the 0.3±0.5 m size class ( Figure 9b) . As compared to the faster runs (average speed !26 km/h), slower run speed (<26 km/ h) increased the particle counts in the <1.0 m size classes by 60 to 75%, but had no effect on the >1.0 m size classes (Figure 9c ). Higher number of stops (# !11) increased the number concentrations of fine particles, but the effect on the coarse particles was negligible as compared to lower number of stops (# <11) (Figure 9d ). Higher wind speed (!2 m/s) increased the particle counts by 48 to 64% at the >1.0 m size classes, but decreased the counts of the particles in the <1.0 m size classes by 53 to 63% as compared to the runs driven during calmer periods (wind speed <2 m/s) (Figure 9e ). Higher relative humidity (!75%) had an opposite effect: it decreased the particle counts by 56 to 68% at the >1.0 m size classes, but increased the counts of the particles in the <1.0 m size classes by 55 to 58% as compared to the runs driven during lower relative humidity (<75%) conditions (Figure 9f) . A dry road surface increased clearly the counts of particles in the >1.0 m size classes, but decreased slightly the counts of particles in the <1.0 m size classes as compared to wet and snowy road surface (data not shown).
Discussion
Of the three measured air pollutants in the exposures of car passengers, fine PM (0.3±1.0 m) and CO behaved similarly in different weather and traffic conditions, while the behavior of coarse PM (1.0±10 m) was usually different, and often opposite. In the traffic environment, the obvious sources of CO and fine PM are the tailpipe emissions whereas the coarse PM in the traffic environment seems to be mostly suspended from the road surface. Also, this emission source is affected by the traffic volume, but it is also strongly affected by surface moisture, wind and in winter by road maintenance with sanding. Although the ventilation system was not equipped with any fresh air filter, there appears to be significant deposition of coarse particles to the system. During the trips, we had the side windows of the automobile closed and the ventilation fan was set at position 2 (0±4). Park et al. (1998) measured the air exchange rates per hour (ACH) in automobiles, and in the test conditions (window closed, vent hole open, and fan setting in the fresh air position), ACH varied between 36 and 47 (h À1 ). Personal CO exposures of commuters are usually higher than CO exposure levels in outdoor or indoor microenvironments (Akland et al., 1985) . Previous studies in Washington, DC, USA, and in Paris, France, have shown average CO levels for bus commuters 4±8 ppm, for rail and subway commuters 2±5 ppm (Flachsbart et al., 1987) , and inside cars 5±14 ppm (Dor et al., 1995) . In this study, the invehicle CO exposures were at a lower end (morning runs) or below (afternoon runs) that range, which can be understood by the fact that Kuopio is a small town surrounded by large forested, lake or agricultural rural areas. In our study, the high in-vehicle exposure peaks were related to outside emissions near the automobile and busy intersections, as reported also in other studies (Dor et al., 1995; Clifford et al., 1997) .
In this study, the driving conditions that most affected the passengers' exposures to CO and fine PM were the time of day (morning exposures higher) and average speed (decreased exposure with increasing speed). The most obvious reasons for the higher morning exposures were denser traffic and lower wind speed. Logically, the average speed had an even higher impact on the time-integrated additional exposure than on the average exposure level. Also in Paris, Dor et al. (1995) reported increasing CO concentrations when driving speed decreased. However, Clifford et al. (1997) concluded in their study that in the evening, there was no significant association between invehicle CO concentration and vehicle speed.
The meteorological parameters that affected the passengers' exposures to CO and fine PM were wind speed (decrease) and relative humidity (minor increase), while the season had no clear effect. The obvious explanation for the lower CO and fine PM concentrations during windy weather is dilution, but as can be seen, other factors explain 75% of the fine PM exposure variation. Also Clifford et al. (1997) found in Nottingham, UK, that higher wind speeds tend to aid the dispersion of CO. Increasing number of fine PM during higher relative humidity days might be caused by growth of <0.3 m particles to the >0.3 m particle size class. A wet street surface during higher relative humidity days decreased number of coarse PM.
